The results of the ongoing monitoring of the position of geostationary telecommunication satellite Eutelsat-13B (13° East) are presented in the article. The results were obtained using a radio engineering complex (RC) of four stations receiving digital satellite television and a data processing centre. The stations are located in Kyiv, Mukachevo, Kharkiv and Mykolaiv.
The results of the ongoing monitoring of the position of geostationary telecommunication satellite Eutelsat-13B (13° East) are presented in the article. The results were obtained using a radio engineering complex (RC) of four stations receiving digital satellite television and a data processing centre. The stations are located in Kyiv, Mukachevo, Kharkiv and Mykolaiv.
The equipment of each station allows synchronous recording (by the GPS) of fragments of DVB-S signal from the quadrature detector output of the satellite television receiver. Samples of the complex signal are archived and sent to the data processing center through the Internet. Here three linearly independent slant range differences (Δr) for three pairs of the stations are determined as a result of correlation processing of received signals. Every second measured values of Δr are used to calculate Cartesian coordinates (XYZ) of the satellite in the coordinate system WGS84 by multilateration method.
The time series of Δr, X, Y and Z obtained during continuous observations from March to May 2015 are presented in the article. Single-measurement errors of Δr, X, Y and Z are equal to 2.6 m, 3540 m, 705 m and 455 m, respectively. The complex is compared with known analogues. Ways of reduction of measurement errors of satellite coordinates are considered.
The radio engineering complex could be considered a prototype of a system of independent ongoing monitoring of the position of geostationary telecommunication satellites.
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INTRODUCTION
The topicality of facility development of geostationary satellite (GEOS) ongoing monitoring is caused by the constant growth of population of the Earth geostationary zone. Continuous positioning of GEOS by terrestrial means is ensured only by radio engineering facilities. Optical observations are more accurate; hence, they are commonly used for calibration of radio engineering facilities. Errors of conventional optical devices are within 0.26˝-0.91˝ [1] .
Radar tracking system, based on single station ranging and azimuth-elevation measurement, is the most common radio-engineering facility of positioning of geostationary satellites. Accuracy of 10˝ can be obtained by the system with an antenna of 10 m diameter at frequencies of 14 GHz, while accuracy of code ranging can be a few centimeters [2] . In the DARTS system (Digital Advanced Ranging with Transport-stream Signals), special ranging packets are inserted into the DVB-S (Digital Video Broadcasting-Satellite) transport stream and transmitted simultaneously with a payload [3] . The ranging accuracy of DARTS is 5 cm.
The second remote radar is often used to increase the determination accuracy of the coordinates of the controlled geostationary satellite [4] . However, to determine more accurately the satellite azimuth measured by radar a radio interferometer is applied [4] , [5] . The radio interferometer has two receivers of Ku-band downlink signals. Only 250 meters separate antennas of the receivers. This distance between the antennas allows for the appliance of a common local oscillator in the receivers. To reduce the phase distortion of the signals, RF signals are fed via cooled fiber optic lines from outputs of the antennas to inputs of mixers. The phase of the signal at the output of the receivers is determined by the discrete Fourier transform. The resulting value of phase difference is used to refine the azimuth of the satellite. The accuracy of phase difference determination is about 5 % of a wavelength or 1.2 mm for a signal frequency of 13 GHz. The corresponding directional accuracy is about 1˝.
Chinese VLBI network (CVN) of four stations was used in the research [6] to calibrate the tracking system for geostationary satellites belonging to the COMPASS navigation system. Minimum baseline length of the CVN equals 1100 km, and the maximum is 3250 km. Signal transmitted by the geostationary satellites at a frequency of 2.2 GHz was used as the VLBI beacon. Spectral width of the signal was approximately 2 MHz. The accuracy of delays measured by the VLBI was 3.6 ns and the accuracy of satellite coordinate determination was 10 m.
A radio engineering complex (RC) was developed at the Research Institute NAO for active geostationary telecommunication satellite positioning [7] . The basic principle of the RC is the determination of the difference of slant ranges to a satellite from a pair of receivers using the correlation analysis of the received DVB-S signals. Hence, the proposed approach is equivalent to that used in radio interferometry. The slant range difference to an observed radio source is also obtained there as a result of the correlation analysis of the received signals. The article presents the results of measurements of the coordinates of the geostationary satellite Eutelsat-13B. The results were obtained in the period from March to May 2015 using the upgraded RC.
RC: TECHNIQUE, HARDWARE AND SOFTWARE
The Earth-centered Earth-fixed coordinate system is used to determine Cartesian coordinates of the tracked geostationary telecommunication satellite by the multilateration (or hyperbolic) method [8], [9] . Let (x, y, z) and (x i , y i , z i ) denote the desired satellite coordinates and the known coordinates of the i-th station, and let
be the distance between the satellite and the i-th station. The following system of nonlinear equations can be used to find the satellite coordinates: Hence, the complex should consist of four or more stations to determine three unknown satellite coordinates.
Initial values (x 0 , y 0 , z 0 ) for the satellite coordinates are required for solving the nonlinear system of equations (1) using a numerical method. They should be defined in the same coordinate system as the coordinates of the stations. The coordinates of the stations are set in the Earth-fixed WGS84 (World Geodetic System of 1984) system because the WGS84 is the reference coordinate system used by the GPS and, therefore, the coordinates can be taken directly from the measurement data of GPS receivers used for synchronization of the stations [7] . The initial values (x 0 , y 0 , z 0 ) can be computed with the following approximate geographical coordinates of the satellite relative to the WGS84 ellipsoid: φ GSS , λ GSS = 0 и h GSS = 36000 km, where φ GSS , λ GSS and h GSS denote the longitude, latitude and height of the geostationary satellite, respectively. Formulas for conversion between geographical and Cartesian coordinates may be found in [2] , [10] . The given method of estimating (x 0 , y 0 , z 0 ) allows one to solve the system of equations (1) in a few Newton's iterations.
Currently, the RC is composed of four (I = 4) identical stations receiving digital satellite TV (Digital Television-Satellite (DTV-S)), which are installed in the cities of Kyiv, Mukachevo, Mykolaiv and Kharkiv. The maximum distances between the stations are about 1000 km and 400 km along longitude and latitude, respectively.
Each station consists of:
1) The standard antenna-feeder system for the reception of DTV-S signals, with antennas of 0.9 m (in Kyiv, Mukachevo and Kharkiv) and 1.9 m (in Mykolaiv) in diameter; 2) DTV-S receiver (SkyStar1 or SkyStar2) performed as a PCI-card and upgraded in terms of outputting of in-phase and quadrature signals;
3) Single-frequency ThunderBolt-E GPS receiver; 4) Digital USB-oscilloscope DSO5200A with 200 MHz passband and 9-bit ADC (Analog Digital Converter); 5) Personal computer with USB and RS-232 ports, operable in Windows XP environment (1 GHz CPU clock rate; 1 Gb RAM, and 100 Gb HD capacity); 6) Internet connection at data rate of at least 80 Kbytes per second.
Detailed description of the station hardware and software is given in [7] . The hardware and software allow each station of the RC to record every second fragments of DTV-S complex signal synchronously with PPS (Pulse-Per-Second) signals incoming from the GPS receivers. A feature of USB-oscilloscopes DSO5200A employed as ADC is the dependence of the nominal sampling frequency n f on the duration T s of a recorded fragment:
where N s = 10240 -the constant equal to the size of sample. The value of T s depends on the selected scale of the oscilloscope. Two factors were taken into account in the research [7] to select the oscilloscope scale. First of all, Nyquist rate for recorded DVB-S signal was defined. Then the location of stations was chosen based on the obtained maximum value of T s . Let B denote the length of the baseline connecting the stations. The stations should be located so as to satisfy the inequality: B ≤ T s ·с. The restriction on the length of the baseline was significantly weakened by using the ability to change the PPS signal delay PPS τ with respect to the beginning of a second. This ability is provided in the receivers ThunderBolt-E. The difference between delays of DTV-S signals received at two stations can be represented as the sum of two terms: Every second complex samples of DTV-S signal are archived and sent through the Internet to the processing centre in Mykolaiv. Here the following is carried out for a given pair of stations [7] :
-Transforming the complex samples in real samples taking into account the structure of the DVB-S signal; -Computing the correlation function of the real samples; -Computing the difference of the delays of the DVB-S signals received by the stations.
The value of i τ ∆ is estimated by the following formula:
.
Expression (2), unlike that used in [7] , has a number of additional parameters: It is assumed that depends on equipment characteristics of the stations (e.g., on the difference of the electrical lengths of cables between antennas and receivers and so forth), and is the constant for the given type of USB-oscilloscope. The parameters and are determined during calibration before sending stations to their places of observation.
In (2) , and are measured in counts of the sampling frequency. The parameter is equal to the offset of the maximum of the correlation function from the beginning of the sample obtained by the i-th station. The position of the maximum is confirmed using the Hilbert transform of the correlation function by the method proposed in [12] . Thus, in general, the value of is a fractional non-negative value. The value of 0 n is also a non-negative value, but always it is integer because it equals to a given offset of the middle part of the sample obtained by the zero station. The offset is set from the beginning of the sample. The size of this middle part of the sample is always smaller than N s , and it is equal to the sample size of correlator (N с ). The parameters 0 n и N с are set so that variations of τˆ with respect to ) ( Additional software is used to estimate statistical characteristics of and (x, y, z). It should be noted that there are a few specific intervals of abrupt changing in the amplitude of the diurnal variations of r ∆ on its graph obtained for the pair of the stations Kyiv-Mykolaiv (its baseline is oriented along latitude). Especially clearly these changes were evident in the intervals from 11 Empirical probability density (P(σ=ξ)) and distribution (P(σ<ξ)) functions of values of standard deviation (SD or σ ) are given in Fig. 2 . The values of σ were computed at 60-second intervals of time for each of the samples presented in Fig. 1 . From the data given in Fig. 2 it follows that the median of the SD of r ∆ It should be noted that an abrupt change in the amplitude of diurnal variations of Z is clearly visible on its graph on 15 March 16:28 UTC and 29 March 17:31 UTC, as well as on the graph of r ∆ obtained for the pair of the stations Kyiv-Mykolaiv (Fig. 1) . These changes may be associated with the satellite orbit corrections. Spatial positions of the tracked satellite are shown in Fig. 4 . It was built according to the data shown in Fig. 3 . Due to the data given in Fig. 5 , the medians of standard deviations of X, Y and Z are equal to 3540 m, 705 m and 455 m, respectively. Hence, the coordinate X has larger error than Y and Z.
DISCUSSION
The obtained error (the standard deviation of single measurement) of slant range differences of about 2.6 m is completely determined by PPS signal accuracy of the ThunderBolt-E GPS receiver [13] and is close to the minimum error for the RC equipment composition. The minimum error is 7 ns or 2.1 m. It was obtained in the research [7] . This value is free of the RC synchronization error by the GPS and is mainly caused by the instability of oscillator frequency of the USB-oscilloscopes ADC. Thus, further reduction of the error of r ∆ is possible by increasing the timing accuracy, i.e., the frequency stability of the ADC reference oscillators. For example, the ThunderBolt-E GPS receivers could be replaced with GPS-disciplined rubidium frequency standards [14] . The PPS signal from the rubidium is aligned to UTC and has less than 0.3 ns jitter. An atomic rubidium oscillator of the GPS10RBN could also be used as the main frequency reference for the ADC. It should be noted that maximum error of slant range difference measurement is caused by the spectral width of the received signal. This error for DVB-S signal with a spectral width of 30 MHz is less than 1 ns or 0.3 m. The error was obtained in process [3] . Let a ε denote the error of an angular coordinate of tracked satellite, and let B be the length of the radio interferometer baseline. In [4] , the value of a ε was equal to about 1˝ and it was obtained from the following approximate ratio:
for the radio interferometer with σ = 1.2 mm and B = 250 m. Relation (3) holds at small ratio of B to the distance to the satellite. Let us estimate a ε for the RC. In this case, the value of a ε can also be estimated from (3) because the ratio of the minimum distance between the RC stations to the distance to the satellite is significantly less than one (around 10 -2 ). Substituting σ = 2.6 m and B=400 km in (3), one finds that a ε is also approximately equal to 1˝. Thus, the RC value of a ε coincides with the estimation obtained in [4] due to large length of the RC baseline. Thus, working together with radar, the complex would ensure the same positioning accuracy of the satellite like the radio interferometer considered in [4] , [5] .
The example above shows that small error value of r ∆ does not guarantee small value of error when determining the coordinates of satellite. It is also necessary that the stations of radio interferometer have been optimally placed in space and at enough large distance from each other. Generally, the error of coordinate determination is nonlinear function of σ and B given by the system of equations (1). The nonlinear dependence on σ and B of the coordinate errors is confirmed by comparing the accuracy of the Chinese VLBI Network [6] and two versions of the RC. The previous version of the RC (Version 0) differs from the current one (Version 1) in that the Mykolaiv station was synchronized by Resolution-T, which was less accurate than the Thunderbolt-E GPS receiver. Parameters of the radio interferometers (RI) are given in the following 2. According to these observations, the errors of single measurements of slant range differences and Cartesian coordinates of the tracked satellite were determined. These errors were equal to 2.6 m, 3540 m, 705 m and 455 m for r ∆ , X, Y and Z, respectively. 3. The estimations of errors of coordinate determination for possible modifications of the RC were obtained by comparing the accuracy characteristics of two versions of the RC and the CVN. In the case of increasing the minimum baseline of the RC to the order of 1000 km, the error of coordinate determination can be about 400 m. The estimation of the minimum possible error of geostationary satellite coordinates was also obtained. The error becomes no more than 10 m in the case of saving the minimum length of the RC baseline equal to about 1000 km, and if slant range difference is estimated with an error equal to or less than 0.3 m.
4. The complex considered can be a prototype of the system of ongoing monitoring of orbits of active geostationary telecommunication satellites. This system can be cheap to implement, fully independent and untied to uplink stations.
